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Protein Insertion into the Membrane of the Endoplasmic
Reticulum: The Architecture of the Translocation Site
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In mammalian cells, most membrane proteins are
inserted cotranslationally into the membrane of the
endoplasmic reticulum (ER), and secretory proteins
are translocated across this membrane (for review, see
Rapoport 1992). These processes are initiated in the
cytoplasm by binding of the signal sequence of the na-
scent polypeptide chain to the signal recognition parti-
cle (SRP) (Walter and Blobel 1981). The resulting
ribosome nascent chain SRP complex is then targeted
to the ER membrane by an interaction with the mem-
brane-bound SRP receptor (docking protein) (Gilmore
et al. 1982; Meyer et al. 1982). At the membrane, the
signal sequence is released from SRP in a GTP-
requiring step, and the nascent polypeptide is trans-
ferred into the ER translocation site (Connolly and
Gilmore 1989).

The translocation site is thought to comprise an
aqueous channel through which the nascent polypep-
tide traverses the membrane (Blobel and Dobberstein
1975). Evidence for such a channel comes from several
lines of research: Electrophysiological studies revealed
the presence of large aqueous pores in rough ER mem-
branes (Simon and Blobel 1991); membrane-inserted
nascent polypeptides could be removed from the mem-
brane by agents perturbing protein-protein interactions
(Gilmore and Blobel 1985); and fluorescent probes in-
corporated into a translocating polypeptide reported a
hydrophilic surrounding of nascent chains traversing
the membrane (Crowley et al. 1993, 1994). Membrane
proteins forming the protein-conducting channel were
identified by cross-linking experiments and reconstitu-
tion studies (Wiedmann et al. 1987; High et al. 1991,
1993a,b; Gorlich et al. 1992a). A central component is
the multispanning a subunit of the Sec6lp complex
(Gorlich et al. 1992b). This protein could be cross-
linked to membrane-inserted secretory as well as type [
and type II membrane proteins and therefore is
thought to form the core of the protein-conducting
channel (High et al. 1993b; Mothes et al. 1994). Apart
from the Sec61p complex, only two other components,
the TRAM protein (Gorlich et al. 1992a) and the SRP
receptor, are essential for translocation of polypeptides
into reconstituted proteoliposomes (Gorlich and
Rapoport 1993).

The mechanism by which nascent secretory and
membrane proteins insert into the membrane is not
known. Nascent secretory proteins and nascent type II
membrane proteins are thought to adopt a loop-like

configuration, with the amino terminus remaining in
the cytoplasm and the growing carboxy-terminal part
being continuously translocated across the membrane
(Shaw et al. 1988; High and Dobberstein 1992). In the
case of a secretory protein, cleavage of the signal se-
quence then releases the protein into the ER lumen. In
type II membrane proteins, a signal anchor sequence
functions in targeting and membrane insertion. The
signal anchor sequence is not cleaved by the signal
peptidase and anchors the protein in the lipid bilayer
such that the protein spans the membrane with its
amino terminus in the cytoplasm and the carboxyl
terminus in the ER lumen.

IDENTIFICATION OF LIPIDS IN THE
TRANSLOCATION SITE BY SITE-SPECIFIC
CROSS-LINKING

Because signal and signal anchor sequences are
hydrophobic in nature, it has been postulated that they
interact with lipids at some stage of membrane inser-
tion and anchoring (Wickner 1979; Engelmann and
Steitz 1981). This is particularly expected in the case of
a type II membrane protein that becomes anchored in
the lipid bilayer. To identify lipids surrounding a
membrane-spanning segment, we have used the type II
membrane protein invariant chain in a cross-linking
study. The essential elements of the assay system are as
follows: the insertion of a cross-linker into the nascent
polypeptide chain (Brunner 1993); the formation of a
stable translocation intermediate in which the signal
anchor sequence spans the membrane (Gilmore et al.
1991); the light-induced cross-linking and the analysis
of the cross-link product by high-resolution SDS-
PAGE (Martoglio et al. 1995).

For site-specific photocrosslinking (High et al
1993b), the photoactivatable, carbene-generating
amino acid L-4'-[3-(trifluoromethyl)-3H-diazirin-3-yl]-
phenylalanine ([Tmd]Phe) (Baldini et al. 1988) is
biosynthetically incorporated at single, selected posi-
tions of the nascent polypeptide chain. The incorpora-
tion of (Tmd)Phe is mediated by a chemically
aminoacylated suppressor tRNA and directed by an
amber (stop) codon. Translation only proceeds if the
suppressor tRNA has successfully incorporated the
photoactivatable amino acid (Tmd)Phe into the na-
scent polypeptide (High et al. 1993b). Consequently,
all completed translation products contain the cross-
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Figure 1. Site-specific photocrosslinking of translocation inter-
mediates. In an in vitro translation system, truncated mRNAs
are translated in the presence of an amber suppressor tRNA
chemically charged with the cross-linking reagent (Tmd)Phe
(asterisk). In the presence of rough microsomal vesicles,
ribosomes attach to the membrane and nascent chains insert
into the translocation site but are not released from the
ribosome. Upon UV-irradiation, the cross-linking reagent
covalently links to neighboring molecules.

linking reagent at only one position (Fig. 1). This sys-
tem of site-specific photocrosslinking therefore allows
quantification of cross-linking efficiencies. Such a
quantification is important for determining the degree
to which the nascent polypeptide interacts with the var-
jous constituents of membranes, protein, lipid, or sol-
vent. To detect proteins and also lipids, it is important
that the cross-linking reagent is able to link to the
neighboring molecules irrespective of their chemical
nature, including aliphatic side chains. The diazirin we
use as a cross-linking reagent yields (after light activa-
tion) a carbene that fulfills these requirements (Brun-
ner 1989).

When proteins are cross-linked to translocating
polypeptides, the resulting cross-link products are easi-
ly detected by SDS-PAGE due to a decrease in the
electrophoretic mobility. The reduction in mobility
reflects the size of the component that is cross-linked
to the nascent chain. This has been demonstrated for
the interaction of the signal sequence with SRP54 and
with the Sec61a protein (Krieg et al. 1986; Kurzchalia
et al. 1986; High et al. 1993a,b; Mothes et al. 1994). Be-
cause lipids are small molecules, their identification is
rather difficult. A detectable increase in the apparent
molecular weight cannot always be expected. Nascent
chains have to be small (M, <30 kD), and a gel system
must be used in which differences in molecular size of
0.5 kD can be detected. That the cross-link product
contains a lipid molecule can be shown by treatment
with phospholipase A, or chemically, by alkaline
hydrolysis (Martoglio et al. 1995). Both treatments

A

result in cleavage of the ester bond between the fatty
acyl side chain and the polar headgroup.

LIPIDS IN THE TRANSLOCATION SITE

To characterize the molecular environment of a
translocating polypeptide, translocation intermediates
of defined length have to be prepared (Fig. 1).
Transmembrane-arrested translocation intermediates
were obtained by truncating mRNAs in their coding
sequence and translating them in the presence of mi-
crosomal membranes. Under these conditions, the na-
scent chain is not released from the ribosome at the 3’
end of the mRNA because a termination codon is lack-
ing (Gilmore et al. 1991).

Type 11 Membrane Proteins

To study the molecular environment of a signal an-
chor sequence during different stages of insertion into
the membrane of the ER, we incorporated the cross-
linking reagent (Tmd)Phe via a suppressor tRNA into
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Figure 2. Photocrosslinking between a signal anchor sequence
and interacting components. (A4) Schematic illustration of
translocation intermediates with chain lengths of 79, 103, 155,
198, and 216 amino acid residues. The signal anchor sequence
is indicated by a square; the hydrophilic part as thick line. The
site where (Tmd)Phe is incorporated as indicated by an
asterisk. (B) Radiolabeled translocation intermediates are
formed. One aliquot is directly analyzed (UV-) and in the
other, cross-linking is induced by UV light (UV+). Proteins
are then analyzed by SDS-PAGE and autoradiography.
Cross-links to lipids are indicated by a star.
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the center of the hydrophobic core of the signal anchor
sequence. As a model protein we used the invariant
chain (Ii), a 33-kD type II membrane protein. Nascent
chains of increasing length (79, 103, 155, 198, and 216
amino acid residues) were inserted into the ER mem-
brane (Fig. 2A). Upon cross-linking, the molecules
contacting the signal anchor sequences were identified
by analyzing the cross-link products. In Figure 2B, such
an analysis by SDS-PAGE is shown. Even with the
shortest insertion intermediate (79 amino acids), which
is probably too short to completely span the mem-
brane, cross-links to lipids could be detected. This may
indicate that a type II membrane protein enters the
membrane at a protein-lipid boundary with the signal
anchor sequence contacting lipid molecules. With
longer insertion intermediates (103 and more amino
acid residues), up to about 50% cross-linking to lipids
was observed (Martoglio et al. 1995). This probably
reflects the fact that the signal anchor sequence is al-
most completely embedded in the lipid bilayer. In the
hydrophobic phase of the membrane, about 50%
quenching by solvent molecules can be expected
(Brunner 1989).

Besides being cross-linked to lipids, the Ti signal an-
chor sequence was also cross-linked to the TRAM
protein and to Sec6lo with low efficiency. These cross-
links to components of the protein-conducting channel
were not found when Ii translocation intermediates
were released from the ribosome by puromycin, in-
dicating that they had left the proteinaceous environ-
ment of the ER translocation site (Martoglio et al.
1995). Contact with lipids was confined to the hydro-
phobic core region of the signal anchor sequence.
When (Tmd)Phe was incorporated into the segment
carboxy-terminally following the hydrophobic region,
Ti translocation intermediates were only found to cross-
link with low efficiency to Sec6la.

Secretory Proteins

Components contacting translocation intermediates
of the secretory protein preprolactin (PPL) have been
identified previously by using either trifluoroethyl
diazirino benzoic acid (TDBA)-modified lysyl-
tRNALYS (Mothes et al. 1994) or (Tmd)Phe-tRNASUP
(High et al. 1993b). The signal sequence of PPL was
found to be in contact with the TRAM protein and
with Sec6la. Using the site-specific photocrosslinking
approach described above, we also found contact with
lipid molecules (Martoglio et al. 1995). Cross-linking to
lipids ranged from 5% to 17%, significantly lower than
found with the signal anchor sequence of Ii. This might
indicate that the PPL signal sequence has only limited
access to lipid molecules, which is consistent with the
shorter hydrophobic core region (12 hydrophobic
residues) compared to the Ii signal anchor sequence
(26 hydrophobic residues) (Fig. 3).

TWO DISTINCT SITES IN THE
TRANSLOCATION COMPLEX: THE AQUEQOUS
TRANSLOCATION CHANNEL AND THE
HYDROPHOBIC SIGNAL SEQUENCE
RETENTION SITE

Nascent secretory proteins and nascent type II
membrane proteins are thought to enter the ER trans-
location site in a loop-like configuration (Shaw et al.
1988). In this loop, two segments of the nascent
polypeptide span the membrane, the signal or signal
anchor sequence that is retained in the membrane, and
the translocating portion of the growing polypeptide
chain (Fig. 3A). These functionally different segments
are embedded in a different molecular environment.
Signal and signal anchor sequences are both in contact
with lipids at any tested stage of their membrane inser-
tion (Martoglio et al. 1995). The translocating portion
of nascent polypeptide chains is in a hydrophilic en-
vironment and in contact with the Sec6lp complex.
This is concluded from several lines of evidence.
Mothes and coworkers (1994) have systematically
probed the hydrophilic portion of translocating nascent
PPL chains by a site-specific photocrosslinking ap-
proach. These authors found that Sec6la is the major
ER membrane protein in proximity to the translocat-
ing polypeptide. Cross-links to lipids were not report-
ed. The results of Mothes and coworkers are consistent
with our observation that the hydrophilic part of
membrane-inserted Ii is in contact with Sec61a but not
with lipids (Martoglio et al. 1995). The efficiency of
cross-linking to Sec6la was rather low (-3%) if com-
pared to cross-linking efficiencies obtained when the
interaction between two reaction partners is tight (e.g.,
nascent chain X SRP54, ~50%). This low cross-linking
efficiency most likely reflects random collision of the
nascent chain with the “wall” of the protein-con-
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Figure 3. Schematic drawing of the proposed localization of
membrane-inserted nascent chains in the translocation site.
(A) Side view; (B) top view. The signal/signal anchor se-
quence is shown by a square in A and an open circle in B.
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ducting channel formed by the Sec6lp complex and
quenching of the UV-activated cross-linker by water
molecules (Brunner 1989). An aqueous environment of
the translocating portion of the nascent polypeptide
chain has been reported previously by using fluores-
cent dyes incorporated into the hydrophilic portion of
nascent polypeptide chains (Crowley et al. 1993, 1994).

Our finding that proteins and lipids line distinct
regions of the membrane-inserted polypeptide could
also indicate that nascent chains enter the protein-
conducting channel at the protein-lipid interface. The
degree to which the signal and signal anchor sequence
contact lipid may depend on the hydrophobicity of
these sequences (Fig. 3B). Signal anchor sequences
with extended hydrophobic core regions (>20 residues)
are exposed more toward the lipid bilayer than signal
sequences with short hydrophobic cores (7-15
residues) (von Heijne 1985, 1986). Differences in the
environment of signal and signal anchor sequences
during their membrane insertion have also been pro-
posed by Nilsson et al. (1994). These authors found
that the position of a signal sequence or a signal anchor
sequence relative to the oligosaccharyltransferase is
different. Furthermore, Nilsson and coworkers showed
that the signal peptidase has access to signal sequences
with hydrophobic core regions of less than 15 amino
acid residues but not to those with extended (>17
residues) hydrophobic cores. Thus, it appears that the
arrangement of the components in the translocation
complex is determined by the hydrophobic properties
of signal and signal anchor sequences of nascent
polypeptides.

SUMMARY AND OUTLOOK

Different methodological approaches have given a
first insight into the architecture of the protein-
conducting channel in the ER membrane: Electrophys-
iology revealed aqueous channels (Simon and Blobel
1991); fluorescent probes showed an aqueous sur-
rounding of the translocating polypeptide (Crowley et
al. 1993, 1994); site-specific cross-linking revealed
lipids in contact with signal and signal anchor se-
quences (Martoglio et al. 1995); various cross-linking
approaches demonstrated that proteins of the Sec61p
complex line the protein-conducting channel (High et
al. 1991, 1993a,b; Gorlich et al. 1992b; Mothes et al.
1994); and reconstitution studies revealed that the
Sec61p complex is an essential element of the protein
translocation site (Gdérlich and Rapoport 1993).

Besides the Sec61p complex, there are several other
proteins associated with the translocation complex, in-
cluding TRAMp (Gorlich et al. 1992a), TRAP (Hart-
mann et al. 1993), and the RAMPs (Géorlich et al.
1992b). They have been identified by their tight associ-
ation with the ribosome nascent chain complex. These
proteins may adapt the translocation site to the various
substrates (e.g., different types of membrane proteins)
or provide the structural basis for regulation of protein

translocation. Proteins involved in the modification of
translocating polypeptides like signal peptidase, signal
peptide peptidase, and chaperones may only interact
transiently with the translocation complex.

The architecture of the protein-conducting channel
may change according to (1) the stage of insertion or
translocation and (2) the type of protein inserted or
translocated. Little is known about the initial stage of
protein insertion into the ER membrane. We envision
insertion into a protein-lipid interface (Martoglio et al.
1995). After insertion, a signal sequence is cleaved
from the membrane-inserted nascent chain and is fur-
ther proteolytically trimmed by a signal peptide pep-
tidase. Fragments of the signal peptide are then
released to the cytosol and into the ER lumen
(Henderson et al. 1992; Lyko et al. 1995). How the
cleaved signal peptide exits the translocation site is not
known. Whether the protein-conducting channel closes
around an extended or partially folded translocating
polypeptide is also unclear.

Differences in the molecular environment of insert-
ing secretory proteins and inserting type II membrane
proteins have been reported (Nilsson et al. 1994;
Martoglio et al. 1995). The lengths of the hydrophobic
core region of their signal and signal anchor sequences
are usually different (von Heijne 1985, 1986). Thus,
these sequences insert into a protein or lipid environ-
ment to a different degree. This has been shown for
two examples, but further investigations are needed
before generalizations can be made.

In type I membrane proteins with a cleavable signal
sequence, a stop transfer sequence retains these pro-
teins in the membrane. Assuming that a stop transfer
sequence enters the protein-conducting channel, its
exit into the lipid bilayer needs a lateral opening of the
channel. A similar requirement exists for proteins
spanning the membrane several times. Membrane-
spanning segments must gain access to the lipid bilayer.
Exit to the lipid bilayer may occur sequentially. How-
ever, it is also conceivable that the protein-conducting
channel, like a chaperone, accommodates partially
folded peptide segments and releases folded domains
comprising several transmembrane stretches into the
lipid bilayer. In this view, translocation of proteins
across the ER membrane closely relates to protein
folding with two options, to go to the lipid bilayer or to
go to the ER lumen.

ACKNOWLEDGMENTS

This work was supported by grants from the
Deutsche Forschungsgemeinschaft (SFB-352) and the
Human Frontier Science Program Organization.

REFERENCES

Baldini, G., B. Martoglio, A. Schachenmann, C. Zugliani, and
1. Brunner. 1988. Mischarging Escherichia coli tRNAFh®

[~



QRI211 2NN

ARCHITECTURE OF THE TRANSLOCATION SITE 45

with L-4'-[3-trifluoromethyl)-3H-diazirin-3-yljphenylalan-
ine, a photoactivatable analogue of phenylalanine. Bio-
chemistry 27: 7951,

Blobel, G. and B. Dobberstein. 1975, Transfer of proteins
across membranes. J. Cell Biol. 67: 835.

Brunner, J. 1989. Photochemical labelling of apolar phase of
membranes. Methods Enzymol. 172: 628.

1993. Biosynthetic incorporation of non-natural
amino acids into proteins. Chem. Soc. Rev. 22:183.

Connolly, T. and R. Gilmore. 1989. The signal recognition
particle receptor mediates the GTP-dependent displace-
ment of SRP from the signal sequence of the nascent
polypeptide. Cell §7: 599.

Crowley, K.S., G.D. Reinhart, and A.E. Johnson. 1993. The
signal sequence moves through a ribosomal tunnel into a
noncytoplasmic aqueous environment at the ER mem-
brane early in translocation. Cell 73: 1101.

Crowley, K.S., S. Liao, V.E. Worrell, G.D. Reinhart, and A.E.
Johnson. 1994. Secretory proteins move through the endo-
plasmic reticulum membrane via an aqueous, gated pore.
Cell 78: 461.

Engelmann, D.M. and T.A. Steitz. 1981. The spontaneous in-
sertion of proteins into and across membranes: The helical
hairpin hypothesis. Cell 23: 411.

Gilmore, R. and G. Blobel. 1985. Translocation of secretory
proteins across the microsomal membrane occurs through
an environment accessible to aqueous perturbants. Cell 42:
497.

Gilmore, R., G. Blobel, and P. Walter. 1982. Protein trans-
location across the endoplasmic reticulum I. Detection in
the microsomal membrane of a receptor for the signal
recognition particle. J. Cell Biol. 95: 463.

Gilmore, R., P. Collins, J. Johnson, K. Kellaris, and P. Rapiej-
ko. 1991. Transcription of full-length and truncated
mRNA transcripts to study protein translocation across
the endoplasmic reticulum. Methods Cell Biol. 34:223.

Gorlich, D. and T.A. Rapoport. 1993. Protein transtocation
into proteoliposomes reconstituted from purified com-
ponents of the endoplasmic reticulum membrane. Cell 75:
615.

Gérlich, D., E. Hartmann, S. Prehn, and T.A. Rapoport.
1992a. A protein of the endoplasmic reticulum involved
early in polypeptide translocation. Nature 357: 47.

Gérlich, D., S. Prehn, E. Hartmann, K.-U. Kalies, and T.A.
Rapoport. 1992b. A mammalian homolog of Sec61lp and
SecYp is associated with ribosomes and nascent polypep-
tides during translocation. Cell 71: 489.

Hartmann, E., D. Gorlich, S. Kostka, A. Otto, R. Kraft, S.
Knespel, E. Biirger, T.A. Rapoport, and S. Prehn. 1993. A
tetrameric complex of membrane proteins in the endo-
plasmic reticulum. Eur. J. Biochem. 214z 375.

Henderson, R.A., H. Michel, K. Sakaguchi, J. Shabanowitz, E.
Appella, D. Hunt, and V.H. Engelhard. 1992. HLA-A2.1-
associated peptides from a mutant cell line: A second
pathway of antigen presentation. Science 255: 1264.

High, S. and B. Dobberstein. 1992. Membrane protein inser-
tion into the endoplasmic reticulum—Signals, machinery
and mechanisms. In Membrane biogenesis and protein
targeting (ed. W. Neupert and R. Lill), p. 105. Elsevier,
Amsterdam.

High, S., D. Gorlich, M. Wiedmann, T.A. Rapoport, and B.
Dobberstein. 1991. The identification of proteins in the

proximity of signal-anchor sequences during their target-
ing to and insertion into the membrane of the ER. J. Cell
Biol. 113: 35.

High, S., S.8.L. Andersen, D. Gorlich, E. Hartmann, S. Prehn,
T.A. Rapoport, and B. Dobberstein. 1993a. Sec61p is ad-
jacent to nascent type I and type 11 signal-anchor proteins
during their membrane insertion. J. Cell Biol. 121: 743.

High, S., B. Martoglio, D. Gérlich, 8.8.L. Andersen, A.J. Ash-
ford, A. Girer, E. Hartmann, S. Prehn, T.A. Rapoport, B.
Dobberstein, and J. Brunner. 1993b. Site-specific photo-
cross-linking reveals that Sec61p and TRAM contact dif-
ferent regions of a membrane inserted signal sequence. J.
Biol. Chem. 268: 26745.

Krieg, U.C., P. Walter, and A.E. Johnson. 1986. Photocross-
linking of the signal sequence of nascent preprolactin to
the 54-kilodalton polypeptide of the signal recognition
particle. Proc. Natl. Acad. Sci. 83: 8604.

Kurzchalia, T.V., M. Wiedmann, A.S. Girshovich, E.S. Boch-
kareva, H. Bielka, and T.A. Rapoport. 1986. The signal se-
quence of nascent preprolactin interacts with the 54 K
polypeptide of signal recognition particle. Nature 326: 634.

Lyko, F., B. Martoglio, B. Jungnickel, T.A. Rapoport, and B.
Dobberstein. 1995, Signal sequence processing in rough
microsomes. J. Biol. Chem. 270: 79873.

Martoglio, B., M. Hofmann, J. Brunner, and B. Dobberstein.
1995. The protein conducting channel in the membrane of
the endoplasmic reticulum is open laterally toward the
lipid bilayer. Cell 81:207.

Meyer, D.I, E. Krause, and B. Dobberstein. 1982. Secretory
protein translocation across membranes—The role of
‘docking protein’. Nature 297: 647.

Mothes, W., S. Prehn, and T.A. Rapoport. 1994. Systematic
probing of the environment of a translocating secretory
protein during translocation through the ER membrane.
EMBO J. 13: 3973.

Nilsson, 1., P. Whitley, and G. von Heijne. 1994. The COOH-
terminal ends of internal signal and signal anchor se-
quences are positioned different in the ER translocase. J.
Cell Biol. 126: 1127.

Rapoport, T.A. 1992. Transport of proteins across the endo-
plasmic reticulum membrane. Science 258: 931.

Shaw, A.E., P.J.M. Rottier, and J.K. Rose. 1988. Evidence for
the loop model of signal sequence insertion into the endo-
plasmic reticulum. Proc. Natl. Acad. Sci. 85: 7592.

Simon, S.M. and G. Blobel. 1991. A protein-conducting chan-
nel in the endoplasmic reticutum. Cell 65: 371.

von Heijne, G. 1985. Signal sequences. The limits of variation.
J. Mol. Biol. 184: 99.

fffffff 1986, Towards a comparative anatomy of N-terminal
topogenic protein sequences. J. Mol. Biol. 189: 239.

Walter, P. and G. Blobel. 1981. Translocation of proteins
across the endoplasmic reticulum. II. Signal recognition
protein (SRP) mediates the selective binding to micro-
somal membranes of in-vitro-assembled polysomes syn-
thesizing secretory protein. J. Cell Biol. 91: 551.

Wickner, W. 1979. The assembly of proteins into biological
membranes. The membrane trigger hypothesis. Annu.
Rev. Biochem. 48: 23.

Wiedmann, M., T.V. Kurzchalia, E. Hartmann, and T.A.
Rapoport. 1987. A signal sequence receptor in the endo-
plasmic reticulum membrane. Nature 328: 830.

Pana K nf




